Abstract. Using fluid viscous dampers (FVDs) has been demonstrated to be an effective method to improve seismic performance of new and existing buildings. In engineering applications, designs of these dampers mainly rely on trial and error, which could be repetitive and labor intensive. To improve this tedious manual process, it is beneficial to explore more formal and automated approaches that rely on recent advances in software applications for nonlinear dynamic analysis, performance-based evaluation, and workflow management and the computational power of high-performance, parallel processing computers. The optimization design procedure follows the framework of Performance Based Earthquake Engineering (PBEE) and uses an automatic tool that incorporates an optimization engine and structural analysis software: Open System for Earthquake Engineering Simulation (OpenSEES). An existing 35-story steel moment frame is selected as a case-study building for verification of this procedure. The goal of the retrofit design of FVDs is to improve the building's seismic behavior that focuses on avoiding collapse under a basic-safety, level-2 earthquake (BSE-2E). The objective of the optimization procedure is to reduce the building's total loss under a BSE-2E event and optimal damper patterns will be proposed. The efficiency of the optimization procedure will be demonstrated and compared with a manual refinement procedure.
Introduction
Fluid Viscous Dampers (FVDs) are one kind of passive energy-dissipation devices widely used in the design of structures to resist the effects of earthquakes and wind. Current design procedures generally account for the supplemental damping effects provided by these devices based on modifying the design spectrum, which is able to select general damper characteristics. However, they do not prescribe specific methods to efficiently arrange dampers story-wise in a building, whereas the damper placement strategies may have a significant impact on both structural behavior and total damper cost [1] . In engineering practice, damper locations and sizes are usually devised after a series of trials and errors until the target performance goal is achieved. This manual approach is essentially ad hoc, and heavily relies on engineers' judgement. More importantly, the time-consuming process to employ sophisticated nonlinear, three-dimensional dynamic analyses and to interpreter the massive amount of data would be a large impediment to gain wide applicability among practitioners.
On the other hand, various methods have been suggested by researchers to identify optimal damper placement [2] [3] [4] [5] [6] [7] [8] [9] . However, most of these studies focused on simplified two-dimensional (2D) models of low-and medium-rise buildings, and they do not have an automated tool to streamline the optimal design effort. Therefore, alternative approaches by developing a numerical tool that engages the repetitive design-analysis procedure in an automated manner would be a great incentive to promote the use of dampers in practice. These motivations become feasible nowadays with the advances and accessibility to high-performance computers and parallel processors.
In this paper, a case study building: a 35-story steel moment-resisting frame incorporating pre-Northridge welded beam-to-column connections was selected. Prior studies [10, 11] based on the provisions of Seismic Evaluation and Retrofit of Existing Buildings [12] found that the as-built structure was unlikely to satisfy collapse prevention goals for earthquake ground motions representing level 1 or level 2 basic safety earthquake hazards (referred herein as BSE-1E and BSE-2E). Therefore, a retrofit approach focused on using FVDs was explored in great detail. The focus of this paper is to develop an automated tool that helps identify the optimal damper arrangements to enhance the seismic performance of a building. This optimization problem is formulated and three basic ingredients are selected within the framework of the Performance Based Earthquake Engineering (PBEE). One study case that used the total financial loss as the objective function is evaluated. Objective function and constraint functions are obtained based on median responses from eleven nonlinear response history analyses (NRHA). The efficiency of the automated design tool is demonstrated via its comparison with a manually-designed scheme.
Case-Study Building and Ground Motions Considered
The existing building considered in this paper is a 35-story tall steel office building located in San Francisco, California; construction began in 1968. The tower is about 56 m × 41 m in-plan and 150 m in height. The structural system consists of complete 3D moment-resisting space frames in both horizontal directions. Beam-to-column moment connections used typical pre-Northridge details, and the column slice details utilized only partial penetration welds. Both types of details are considered quite brittle. To investigate the building's dynamic behavior, a 3D numerical model was generated using OpenSees, which identified the first three elastic modal periods of the baseline model to be: 4.33 sec (X-direction translation), 4.18 sec (Y-direction translation), and 3.59 sec (rotation). More detailed structural information and numerical modeling in OpenSees are discussed in [10, 11] .
Nonlinear response history analyses (NRHA) were used to examine the structural response of the retrofitted building. Eleven records at the BSE-1E or BSE-2E hazard were selected for the automated design, and their median responses are used to calculate the objective function or constraints, as permitted by ASCE 41. More information with regard to the ground motion selection and scaling are presented in [11] .
Design Considerations of Viscous Dampers
To incorporate FVDs in a high-rise building, there are several design issues need to be addressed prior to starting the automated procedure. The overall effective damping ratios and damper placement were determined considering constructability, architectural constraints, retrofit target and NRHA results, and several mechanical properties of a FVD were selected based on sensitivities studies conducted by Wang [13] . The following paragraphs provide background information needed to initialize the automated design procedure of FVDs in the case-study building.
Damper Locations. Dampers were considered more effective to locate in the exterior four frames of the building, which also has the benefif of avoiding inteference with office space and egress. See 
Fig. 1. Building elevations with damper placement at building perimeter
Effective Damping Ratios. Studies in [13] show that an effective damping ratio in between 6% and 20% is a most efficient range for additional damping to alleviate or eliminate the weak stories in this existing case-study building. As such, lower and upper bounds of damper sizes (design variables) are used to reflect this range of effective damping ratios.
Mechanical Properties of a FVD.
A simplified mathematical formula is used in this paper to express damper force output based on studies by Constantinou et al. [14, 15] :
where C is the damping constant, α is the damping exponent, and
sign v is the sign function of relative velocity 0 v of the damper piston end with respect to the damper housing. To model the FVD-brace assembly in OpenSees, a Maxwell material model was used. Parameters needed for simulation include the damping constant C, damping exponent α and brace stiffness K. These values of α and K for each damper element were selected based on sensitivity studies conducted by Wang [13] , which revealed that: (1) a value of 0.35 for the damping exponent α provided good structural control without inducing excessive damper forces; and (2) a summation of the stiffness of all damper braces K in one story equal to twice of the lateral stiffness of that story was ideal to insure full damper efficiency. Additionally, another parameter: damping constant C and their story-wise distributions are selected as the design variables to be tuned by automated optimization.
Formulation of Optimization Problem in the PBEE Framework
The key step in the optimum design procedure is the formulation of the design problems in a minimax optimization format [16] . The basic ingredients of the problem statement include: a continuous or discrete objective function; a set of well-defined constraint functions; and a vector of multiple design variables. Considering the nonlinearity nature of this problem, a practical approach to select these components is proposed in as follows.
Design Variables. The number of function evaluations depends on the number of design variables and constraints. To limit the amount of computational efforts, the locations to place dampers, and a few mechanical properties of FVDs were selected beforehand. One parameter that is most relevant to the size of a damper-damping constant C, and its distribution pattern over stories are used as the design parameters in this study; and dampers located at eight or night continuous floors are assigned with a same property value (design variable). Dampers at two horizontal directions use different 
Fig. 2. Design variables
Objective Function. Two most important engineering demand parameters (EDPs) are considered in the objective function: the maximum of peak story drift ratios and the maximum of peak floor accelerations. In this paper, an objective function that relates these two EDPs to the total building loss (decision variable, viz. DV) after a BSE-2E event is designed. These functions, termed as EDP-DV functions by Ramires and Miranda [17] , is a simplified PBEE procedure that integrates the structural analysis and damage analysis (Fig. 3) steps, which relates the EDP to the DV without the need to go through a complete PEBB procedure at every evaluated point. Given the different seismic sensitivity of various components in the building, the EDP-DV functions are generated for three performance groups (PGs), including: (1) PG 1 : drift-sensitive structural components; (2) PG 2 : drift-sensitive non-structural components; and (3) PG 3 : acceleration-sensitive non-structural components and contents. Correspondingly, the total losses are disaggregated into contributions from these three PGs, and the summation of these resemble the normalized total financial loss and used as the objective function. Note: the data to construct these EDP-DV functions were based on the loss and damage prediction using Monte Carlo simulation. More details are contained in Wang [13] . Fig. 3 . PBEE framework and EDP-DV functions Constraint Functions. Four nonlinear constraints are imposed in the optimization problem to reflect the performance levels quantitatively. Specifically, the average structural responses and the maximum of peak damper responses were constrained such that: (1) the average peak story drift ratio does not exceed 1.0%; (2) the average peak floor acceleration does not exceed 0.3g; (3) the maximum damper force does not exceed 1500 kips; and (4) the maximum damper stroke does not exceed 5.0 in.
Resulted Optimization Patterns
Structural Responses. The changes of peak story drift ratio distributions are shown for three selected iterations in Fig. 4 . A significant improvement was exhibited from the 1 st to the 2 nd iteration, where the weak story trend at floor level 5 to 9 were eliminated and the maximum drift ratio was reduced from 2.6% to about 1.1%. Nevertheless, only slight improvements were seen from 2 nd iteration to the final design point. It is noted that the mezzanine level had a stiffness deficiency, and the drift at that level became a bottleneck for continued improvement of drift profiles and the optimization procedure.
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On the other hand, the changes were insignificant for the distributions of peak floor accelerations during optimization (Fig. 5) . This is most likely because of less efficacy of additional damping floor accelerations than drift rations, especially when dampers are fairly large and incremental benefit of increasing damping would be smaller. Damper Responses. To achieve the large reduction of peak story drift ratios observed from the 1 st to the 2 nd iteration, the peak damper forces were increased by 50%-90% from floor 1 to 14, with a maximum value reaching 1400 kips at the mezzanine level; see Fig. 6 . In the final design, a further 10%-15% increase from the 2 nd design point was predicted, though the reduction of peak drift ratio was smaller than 5%. This indicated that the damping ratio reached a saturation stage, where additional damping only provides small incremental benefits. In the final design, the maximum damper force reaches the force limit of 1500 kips at the mezzanine level. In terms of the distributions of peak damper stroke, it showed a similar trend to the peak story drift ratio distributions (Fig. 7) . 
Comparison Between Manual and Automated Design Procedures
The result reported above showed that the automated procedure was quite efficient, identifying a set of parameters that significantly improved the structural behaviors and reduced the total building loss with only a few updates. A final design was reached when the incremental change between two successive iterations was smaller than the optimal criterion, and the solution satisfied all constraints.
To further demonstrate the efficacy of the proposed automated procedure, the results were compared between three scenarios: (1) the building before using FVDs; (2) the building incorporated additional FVDs based on a manual designed scheme; and (3) the building with dampers based on the automated design procedure. In studies conducted by Wang and Mahin [18] , the damper scheme in case (2) tuned the size and locations of dampers manually, using consistent evaluation indices. To keep consistent, the median results obtained from the same eleven ground motions at BSE-2E hazard
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Behaviour of Steel Structures in Seismic Areas level used in the automated procedure were selected for all three cases, and the maximum values were reported in Table 1 for comparison. The case without dampers resulted in very large drift ratios after a BSE-2E hazard event, and a replacement was inevitable, which resulted in a total building loss equal to the replacement values to construct a new similar building (i.e., $740M). Incorporating FVDs dramatically reduced the vulnerability of the building, and brought down the peak drift ratio to be about 1.48% for the manual design, and around 1.0% for the automated design. Correspondingly, the dampers reduced the total building loss from $740 M to be below $20 M.
The maximum values of EDPs are used to inform the total building loss under a BSE-2E hazard event, which was calculated using the EDP-DV functions; see Table 2 . Note: the total construction cost of a new similar building is $740 M, and the building loss listed in row five were obtained by converting the normalized loss to the actual number. In the meanwhile, the costs associated with retrofit cost were estimated by consultations with experienced engineers. Clearly, the automated design is more efficient in reducing the total loss, with about $6 M more reductions of the total loss. Whereas, the difference of damper costs between them is slightly ($0.4 M). Apart from higher efficiency to control structural responses and reduce the economic losses after a major earthquake event, a more obvious advantage of the automated design over the manual procedure lies in its much-reduced labor efforts. Consider the study case presented in this paper, a manual procedure requires: (1) setting up an initial damper scheme; (2) re-design the dampers; and (3) analyse the refined scheme to see if it meets the target performance goals. Steps (2) and (3) require a few cycles until a satisfied design is reached, and human interaction is needed to collect data, interpret results and tune the parameters etc. A total duration for such a complicated model is estimated to be about a month at least.
In contrast, if an automated procedure is used, the major effort is limited to designing the automated tool. Since most optimization packages provide well-developed optimization algorithms, we can further limit programming efforts to be a few days. Afterwards, the repetitive design-analysis process is handed over to the optimization engine to run the analysis, post-processes the results and refine design parameters. For the case considered in this study, it takes about three to five days for the software to identify a good design solution. Note, if the numerical model is simpler, and the computational time for both manual and automated procedures would be reduced proportionally.
The estimated time for two design procedures are summarized in Table 2 . The automated design strategy reduces human efforts and interactions tremendously compared to a manual design approach. Nowadays, high performance computers (HPC) are widely accessible, and could be obtained for free, or with a small cost at most. Consider an on-demand hourly cost of $0.251 for a 16-CPU core machine available at Amazon EC2 Cloud [19] , a computation time of 5-day costs roughly $30, which is definitely a good trade for more free time. 
Conclusions
An automated design procedure to tune damper parameters was formulated and applied to a case study high-rise steel building that is seismically vulnerable. The basic ingredients of an optimization problem were selected to formulate the problem in the PBEE framework. Specifically, one damper parameter-damping constant C and its story-wise distributions are selected as the design parameters to be tuned during optimization. An EDP-DV function that relates two structural response parameters and the total financial loss after a major earthquake was designed and used as the objective function. Moreover, a set of nonlinear constraints were imposed to reflect the target performance level in a quantitative manner and to limit the maximum damper responses. It has been demonstrated that the automated procedure identifies design parameters that improved the structure's seismic performance and resilience efficiently with a few iterations.
Compared with the trial and error based manual design procedure that heavily relies on human efforts, the high-performance computers-aided automated procedure has great advantages. It not only provides better design strategies to control structural responses and reduce economic loss under a major earthquake event, but more importantly, streamlines design efforts substantially and reduces time and human efforts. Consider a complicated model as that of the case study building, it probably takes a few months for a designer to find a satisfactory design, whereas the automated procedure reduces the total time to be less than two weeks. Furthermore, the automated procedure avoids the laborious repetitions and human interaction during the process, and could refine the design parameters in a much more efficient way. Therefore, the automated design would be a very promising way to be engaged in structural design and analysis, especially considering the widely accessible high-performance computer resources nowadays.
A limitation of the study is that the final damper solution might not be widely applicable to other structural systems. Investigations of sensitivity of the optimal solutions to types of lateral force-resisting systems used would be fruitful area of future studies. Moreover, the dependency of the design on the ground motion characteristics are also worthy of further investigations. If computer resources allowed, increasing the number of design variables to include the damper locations, other mechanical properties of dampers would facilitate a wider applicability of the proposed procedure and worth future efforts.
